To investigate the localization of superoxide anion generated in the red tide alga Chattonella antiqua, we added to the incubation medium 3,7-dih~&0-6-[4-{2-(N-(5-fluo&yl) thioureido) ethoxy} phenyl]-2-methylimidazo(l,2-a}~razin-$one (FCLA), which is a Cpnidina luciferin analogue and a specific fluorescent probe for detecting 0 2 -and '02. The live phytoplankter was observed with the laser scanning microscope. At high magnification ( x 6400) it was found that the plankter has many large and small verruciform protru-
Introduction
The red tide alga Chattonella antiqua is a highly toxic phytoplankter for fish, especially for young yellowtail, Seriola quinqueradiata, in fish farms. Although the toxic mechanism responsible for mortality of fish exposed to the red tide remains unknown, recent investigations suggest that the generation of superoxide anions by Chattonella might be closely related to the disappearance of gill mucus, leading to locally impaired osmoregulation (Shimada et al., 1982 (Shimada et al., ,1983 (Shimada et al., ,1989 .
In a previous study, we found that Chattoneh antiqua emitted a strong fluorescence with the luminol reagent (Shimada et al., 1991) . As a result, we considered that the alga might produce such oxidants as OH-, H 2 0 2 , and 0 2 -. This fluorescent probe is highly sensitive for detecting 0 2 -but is not specific to it (Allen and Roose, 1976) . 3,7-dihydro-6-[4-{2-(1\P-( I-fluoresceinyl) thioureido) ethoxy} phenyl]-2 -methylimidazo {1,2 -a}pyrazin-3 -one (FCLA), a Cyprzdina luc;frin analogue, was recently developed by Suzuki et al. (1990) as a specific fluorescent probe for detecting 0 2 -and ' 0 2 . This probe has an absorption band at 532 nm. In our present work, we added this fluorescent probe to the incubation medium and saw, using an argon laser scanning microscope, the generation of superoxide anion on the phytoplankter. This enabled us to detect more precisely the locus of the superoxide anion. sions on the cell surface. When the cell was irradiated with an argon laser (488 MI), a very intense fluorescence was noted at each protrusion. This fluorescence was completely inhibited by the addition of superoxide dismutase to the incubation medium, thus suggesting 0 2 -generation at each verruciform protrusion on the cell surface. (]Hisrochem Cyrochem KEY WORDS: Superoxide; Red tide alga; Chattoneh antiqua; Laser scanning microscope.
:507-511, 1993)

Materials and Methods
We incubated the red tide alga Chattonella antzqrra in an Erd-Schreiber modified (ESM) culture medium (pH 8.2) for 1 week (Shimada et al., 1985 (Shimada et al., , 1991 . The alga was obtained from Akashio Research Institute (Kagawa, Japan). The cell density used for the present work was approximately 12,000 cellslml. The cell surface of the living phytoplankter was observed with a laser scanning microscope (Carl zeiss, Oberkochen, Germany) in differential interference contrast (DIC) mode. To immobilize the cells, the incubating tube containing phytoplankter was shaked by hand. FCLA was purchased from Tokyo Kasei Kogyo (Tokyo, Japan).
The location of superoxide anions in the alga was visualized as follows:
we mixed 10 p1 saturated 3,7-dihydro-6-[4-{2-(iV-( 5-fluorcsceinyl) thioureido) ethoxy} phenyl1-2-methylimidazo {l,t-a}pyrazin-3-0ne (FCLA) in seawater, at 20°Cc, with 100 p1 of cell-suspension medium. After incubating for 10 min. we dropped the solution onto a microscope slide and applied a coverslip. As the FCLA has an absorption band at 532 nm and is green in color (Suzuki et al., 1990) , the argon laser (488 nm) was applied for the excitation light. To avoid the emission from the chloroplast composed of chlorophyll (600-700 nm, red in color), a Kodak gelatin filter No. 40 and/or 44A was used for a bandpass filter (480-580 nm, green in color). Samples were used to see the FCLA fluorescence in the reflected fluorescence mode, using a Zciss laser scanning microscope. To see the inhibitory &ct offluorescence by superoxide anion, we added 750 units of superoxide dismutase (Sigma; St Louis, MO), which converts the superoxide radical to hydrogen peroxide, to 1 ml of the incubation medium. Then we mixed 100 pl of the incubation medium containing superoxide dismutase (SOD) with 10 PI of saturated FCLA in seawater. After incubation for 10 min. the homogenized solution was observed with the laser scanning microscope as described above. To observe the effects of gill mucus on superoxide production of the cell, 10 p1 of 10% gill mucus diluted in seawater and of saturated FCLA were added to 1 ml of cell-suspension medium. After incuba- 
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3 Fiiure 1. SHIMADA, KAWAMOTO, NAKATSUKA, WATANABE tion for 10 min, the cells in the solution were also observed with the laser scanning microscope.
Results
Using the differential phase-contrast mode, we found that Cbat-toneLa antiqua has a large number of verruciform protrusions on its cell surface (Figures 1 and 2) . Morphometrically, they were divided into two groups. One group had a large number of small-diameter protrusions (0.3-0.8 pm). The other group had a small number of large-diameter protrusions (1.1-1.8 pm) (Figure 2 ). However, it was not clear whether the verruciform protrusions are located in the glycocalyx or under the plasma membrane, which is the usual location of mucocysts. When FCLA was added to the incubation medium and exited with an argon laser, we saw a strong fluorescence on the cell surface (Figure 3 ). To ascertain the location of the fluorescence, reflected-light fluorescence was overlaid on the differential contrast mode. We found that the fluorescence was consistent with the placement of the small and large verruciform protrusions (Figures 4, 5, and 6) . The fluorescence disappeared when superoxide dismutase was added (Figure 7 ) . The effects of gill mucus on superoxide production by the cells was also observed. We found that when 10% mucus from gill lamellae of young yellowtails diluted in seawater was introduced into the incubation medium containing phytoplankter, mucocysts were released from the large protrusions (Figure 8 ). After releasing many mucocysts the cells became small and spherical. Under these conditions, and even when FCLA was introduced into the cell-suspension medium, faint fluorescence was seen only on the cell surface (Figure 9 ). At the same time, the cortex almost disappeared from the discharged mucocysts (Figure 9 ).
Discussion
In our previous work, we found that the red tide alga that causes fish death may generate and release active oxygen (Shimada et al., 1989 (Shimada et al., ,1991 . The plankter reduces cytochrome c and emits a strong fluorescence by the luminol reagent when exposed to ultraviolet irradiation. The reduction ability and intensity of fluorescence are inhibited by the addition of superoxide dismutase (Shimada et al., 1991) . Furthermore, the generation of reactive free radicals by Cbattonela antiqua has been demonstrated by electron spin-resonance spectroscopy and a microelectrode technique (Tanaka and Shimada, 1992) .
In the present work, we used FCLA to detect 0 2 -in the red tide alga. We used a bandpass filter to detect the green fluorescence at 532 nm from FCLA and to eliminate the red fluorescence at 600-700 nm from the chloroplast.
The visualization of FCLA fluorescence by the laser scanning microscope suggests that 0 2 -generation in the phytoplankter is stimulated by irradiation from the argon laser, as is the case with luminol fluorescence by ultraviolet irradiation (Shimada et al., 1991) . Furthermore, because the argon laser we used as a light source does not generate heat, we could see the cell in its living state. At high magnification, we found that the living cells have two kinds of verruciform protrusions on the cell surface. In the previous study, we reported the ultrastructural observation of Cbattone/& antiqua and observed some mucocysts protruding from the cell membrane (Shimada et al., 1986) . Therefore, it is conceivable that the verruciform protrusions seen in the present work might be the heads of mucocysts located in the glycocalyx (Yokote and Honjo, 1985) . When 10% mucus from gill lamellae was added to the incubation medium, mucocysts were released from the large verruciform protrusions. After releasing many mucocysts, the cells became small and spherical. Only the small-diameter verruciform protrusions remained on the cell surface. From these results we concluded that small protrusions may develop into large ones. In our previous study, these spherical cells were still alive (Shimada et al., 1991) .
In the present study, we have not directly verified whether FCLA and superoxide dismutase penetrate into the cell. Superoxide dismutase, in particular, is a protein, and therefore cannot penetrate freely into the cell. However, Chattonela has a vestibulum and a vacuolar canal through which the cell actively takes up various nutrients from seawater (Mignot, 1976) . Therefore, we believe that these materials might be also taken into the cell during the 10-min incubation. As for FCLA, there is also the possibility that this fluorescent probe penetrates direcdy into the cell from the surface. The fluorescence derived from adding FCLA and present at the verruciform protrusions on the cell surface was completely inhibited by the addition of superoxide dismutase. On the other hand, the fluorescence almost disappeared from the cell-discharged mucocysts after addition of 10% gill mucus. Although the cortex almost disappeared from these cells, the cell membrane and the smalldiameter verruciform protrusions remained. Therefore, it is reasonable to consider that the mucocysts might still remain in the rudimentary cortex. The faint fluorescence seen in Figure 9 might be coming from these remaining verruciform protrusions.
For ascertaining if the superoxide is produced only at the surface of the protrusions and/or inside them, optical sectioning at different depths by the laser scanning microscope might be possible, but only if the cell is completely immobilized. Although the live phytoplankter is almost stationary when the incubation tube is shaken, it still moves slightly. It is impossible, therefore, to overlay each optical section with the differential interference contrast mode. These observations suggest that superoxide production takes place at the verruciform protrusions on the cell surface. However, how the cell captures the superoxide at the verruciform protrusion remains unknown. Ferric ions, believed to be abundant in the glycocalyx Morel, 1989,1990; Yokote and Honjo, 1985) , may be one of the important factors responsible for capture of superoxide, because 0 2 -is often present in complex with ferric ions (Bucher et al.. 1983) . Indeed, these iron complexes with active oxygens are thought to initiate lipid peroxidation (Minotti and Aust. 1987; Bucher et al., 1983) .
